Studies show that adverse conditions during early life can increase vulnerability to mood disorders later in life. Around the early postnatal period the brain exhibits high plasticity enabling environmental signals to impact the trajectories of developing neuroendocrine circuits. Levels of environmental adversity in this early developmental period is able to shape the experience-dependent maturation of stress-regulating pathways leading to long-lasting alterations in stress responsivity during adulthood; a phenomenon often referred to as 'earlylife programming'. Current research is addressing the molecular mechanisms underlying this programming by which gene-environment interactions can predispose individuals toward psychopathology. Here we review key findings from animal and clinical studies examining the effects of the early environment in shaping development of the neuroendocrine regulation of stress and the role of epigenetic mechanisms in translating early-life conditions into long-lasting gene expression changes underpinning stress-related behaviors.
Introduction
The close relationship between the quality of early life and mental health in later life is well described. Many human and rodent studies illustrate that aspects of the early environment can lead to dramatic changes in physical and mental development compromising altered cognition, mood and behaviour. In particular, stress and adverse conditions during early life periods of development can shape individual differences in vulnerability to stress-related disorders throughout life (for review see (Murgatroyd & Spengler 2011c) ). This raises the question of how environmental experiences become incorporated at the cellular and molecular level leading to long-term alterations in various neuronal functions, including stress responses and risk to mental disease.
To understand gene-environment interactions and to elucidate pathways through which early life experiences are able to program long-term responses, researchers in the neuroscience use animal models, in which the early environment can be manipulated in a controlled fashion, and clinical studies. Current work suggests that so-called epigenetic mechanisms of gene regulation, which alter the activity of genes without changing the order of their DNA sequence, could explain how early life experiences can leave lasting chemical marks on the brain and influence both physical and mental health later in life even when the initial trigger is long gone.
In this review we highlight important animal and human studies addressing epigenetic regulation of gene expression in sustaining the effects of early life experiences. We focus on studies that have investigated how adversity is able to shape biological stress systems, particularly the hypothalamic-pituitary-adrenal (HPA) system -an integral component of the body's stress response -leading to lasting alterations in stress responsivity (for review see (Murgatroyd & Spengler 2011a) . We discuss what we know about the function of epigenetic systems and their roles in programming brain development and disease in response to prenatal and postnatal environmental stressors.
Early life adversity shapes later life stress responsivity
Upon exposure to a stressor; the autonomic nervous system initiates a rapid and relatively short-lived " fight-or-flight" response, whilst the HPA axis is slower, instigating a more protracted response. Tight regulation of the HPA axis is core to the long-term control of systems governing stress responsivity. Following a stressor, the neuropeptides corticotropinreleasing hormone (CRH) and arginine vasopressin (AVP) are released from the paraventricular nucleus (PVN) of the hypothalamus that stimulate release of adrenocorticotrophic hormone (ACTH) from the anterior pituitary which in turn acts on the adrenal cortex to release glucocorticoid hormones, i.e. cortisol (humans) corticosterone (animals). A negative feedback loop, through glucocorticoid receptors (GR) ensures efficient return to a homeostatic balance when it is no longer challenged (Figure 1) . It has been shown that this negative feedback can become dysregulated, particularly following periods of chronic stress. This may critically impact the development of affective disorders; altered HPA activity is one of the most commonly observed neuroendocrine symptoms in major depressive disorder (for review see (Holsboer 2000) ). Childhood stress is a strong predictor of impaired inhibitory feedback regulation of the HPA axis (for review see (Gonzalez 2013)) Studies in rodent models further support the concept that exposure to a chronic stressor can lead to long-term changes in HPA regulation and behavior stemming from changes in neuropeptide regulation (for review see (Murgatroyd & Bradburn 2016) ). 
Epigenetic mechanisms
"Epigenetics" is a term used to describe the study of stable alterations in gene expression potential that arise during development and differentiation, and is under the influence of the environment (for review see (Doherty & Roth 2016) ). Genomes can therefore be considered to contain two layers of information: Firstly, there is the DNA sequence that is conserved throughout life and mostly identical in all cells of a body. Secondly, there are the epigenetic marks that are cell-specific and can be dynamic.
Epigenetic mechanisms enable regulation of a gene, independent of DNA sequence. DNA methylation and modification of core histones that package the DNA into chromatin represent the best-understood epigenetic marks. These marks are able to govern accessibility of the DNA to the machinery driving gene expression; inaccessible genes become silenced whereas accessible genes are actively transcribed.
These epigenetic processes enable a cell and organism to integrate intrinsic and environmental signals into the genome resulting in regulatory control of gene expression and thus facilitating adaptation. In this way, epigenetic mechanisms could be thought of as conferring plasticity to the hard-coded genome. In the context of the early life environment, epigenetic changes offer a plausible mechanism by which early experiences could be integrated into the genome as a kind of memory to program adult hormonal and behavioral responses.
DNA Methylation
DNA methylation, describes the addition of a methyl group to DNA at the cytosine side-chain in cytosine-guanine (CpG) dinucleotides, known as a CpG. The conventional view is that DNA methylation is a silencing mark and that, in general, the endpoint of DNA methylation is either long-term silencing or fine-tuning of gene expression potential. Hence, promoters and enhancer elements of transcriptionally active genes are usually methylated but may become silenced once targeted by DNA methylation. The insertion of methyl groups changes the appearance and structure of DNA, which may either: 1, directly block DNA binding of transcription factors or 2, attract factors that preferentially bind to methylated or unmethylated DNA to interfere with transcription factor accessibility (Figure 2A) .
The vast majority (70-80%) of all CpGs are methylated. Around 85% of these are located in repetitive sequences such as transposons that constitute around half of the human genome while the other 15% typically cluster within GC-rich regions known as "CpG islands". CpG islands are defined as regions of greater than 500 bp that have cytosine/guanine content of greater than 55%. Up to 60% of CpG islands are in the 5′ regulatory (promoter) regions of genes. Although CpG islands, promoters and enhancer regions appear to attract most attention in regard to DNA methylation and gene transcription, it is becoming increasingly clear that methylation at other gene elements play important regulatory roles. Indeed genome-wide sequencing of DNA methylation patterns among different tissues are revealing the presence and locations of tissue-specific differentially methylated regions. Strikingly, many of these do not seem to occur in CpG islands themselves but tend to locate in regions next to CpG islands around 2kb away within sequences of intermediate CpG density. These are now referred to as "CpG shores" (Gomez et al. 2016) . Further regions can be divided up as "CpG shelves" as 2 kb regions extending from the shores while CpGs located yet further 6 away from CpG islands are defined as being in "open sea" (Figure 2B ). In contrast to repression-associated DNA methylation in promoters and enhancers, higher CpG methylation within gene bodies is being frequently observed in transcriptionally active genes perhaps suggesting a further functional role of DNA methylation in transcriptional regulation. 
Chromatin
Chromatin is a complex of DNA wrapped around histone proteins. Histones can be modified at their N-terminal tails by methylation, phosphorylation, acet-ylation, and ubiquitination as part of a histone signature serving to define accessibility to the DNA, i.e. densely packaged 'closed' chromatin (heterochromatin) in contrast to accessible 'open' chromatin (euchromatin). Histone acetylation is known to be a predominant signal for active chromatin configurations while some specific histone methylation reactions are associated with either gene silencing or activation. These are regulated through an array of histone modifying enzymes that catalyze the addition or removal of an array of covalent modifications. This 8 'histone code' can be 'read' by specific proteins, which have particular domains that recognize certain histone modifications to produce an effect on gene expression. Chromatin remodeling plays a central role in gene regulation by providing the transcription machinery with dynamic access to an otherwise tightly packaged genome. characterize "open" chromatin, while repressive marks (e.g. histone methylation and DNA hypermethylation) occur at "closed" chromatin.
Non-coding RNA
The vast majority of the human genome is transcribed, but only around 2% of these transcripts are translated into protein. However, many of these are nonetheless functional: known as non-coding RNA (ncRNA) they can function to regulate gene expression at the transcriptional and post-transcriptional level. These can be divided into two main groups; the short ncRNAs (<30 nts) and the long ncRNAs (>200 nts). The three major classes of short non-coding RNAs are microRNAs (miRNAs), short interfering RNAs (siRNAs), and piwiinteracting RNAs (piRNAs). Both major groups are shown to play a role in heterochromatin formation, histone modification, DNA methylation targeting, and gene silencing.
Epigenetic programming by prenatal stress
Aside from controlling constitutive gene expression, epigenetic mechanisms can also serve to fine-tune gene expression potential in response to environmental cues. Hence, it has been proposed that conditions of prenatal and postnatal environment can evoke changes in DNA methylation facilitating epigenetic programming of critical genes involved in regulating stress responsivity that may in turn manifest with neuroendocrine and behavioral symptoms in adulthood (Figure 1). 
Prenatal Stress
In animal models prenatal stress has been shown to lead to various anxiety and depressivelike phenotypes (for review see (Babenko et al. 2015) . It has been demonstrated that the long-term effects of early-life stress are mediated through alterations in the maternal and fetal HPA axes leading to exposure of the fetus to excess maternal glucocorticoids (Reynolds et al., 2013a ) that may pass the placental barrier and disrupt fetal brain development.
An important factor in regulating supply of maternal glucocorticoids to the developing fetus is the placental enzyme, 11b hydroxysteroid dehydrogenase 2 (11b HSD-2), that deactivates cortisol (Stewart et al. 1995) . It is important to control this placental diffusion as maternal glucocorticoid levels are up to 10-fold higher than in the fetus (Seckl 2001) . Regulation of placental 11b HSD-2 is altered in response to a number of maternal components including maternal undernutrition and protein deficiency (Bertram et al. 2001 ). Rodent studies have further shown it is up-regulated following acute stress in pregnancy (Welberg 2005) and that chronic stress and prenatal maternal anxiety causes a reduction of HSD11B2 placental expression that associated with increased CpG methylation of the HSD11B2 gene in the placenta (Jensen Peña et al. 2012 ).
The human HSD11B2 gene contains four CpG islands and studies have shown that its activity is regulated by methylation (for review see (Togher et al. 2014 ). In agreement with findings from the aforementioned animal models, study by O'Donnell et al. (O'Donnell et al. 2012) ) revealed that prenatal Trait anxiety negatively correlated with placental 11β-HSD2 mRNA expression. When testing infants, a study by Conradt et al. (Conradt et al. 2013) revealed that, intrauterine exposure to maternal depression negatively affected infant behaviour and this associated with increased methylation of the placental 11b-HSD-2 gene and the GR gene, NR3C1 while Appleton et al. (Appleton et al. 2015 ) also found that infants whose mothers experienced the greatest levels of socioe-conomic adversity during pregnancy had the lowest extent of methylation of the placental 11b-HSD2 gene. This suggests that epigenetic regulation of 11b-HSD2 links environmental cues transmitted from the mother to the foetus during pregnancy that could program the response to adverse postnatal environment via less exposure to glucocrticoids during development. Further studies have also identified differential epigenetic regulation of glucorticoids. For example, a study by Oberlander et al. (Oberlander et al., 2008) revealed that prenatal exposure to maternal depressed/anxious mood during the 3rd trimester of gestational development resulted in increased methylation of a CpG-rich region in the promoter and exon1F of the NR3C1 gene in the cord blood of newborns, which correlated with salivary cortisol levels in infants at 3 months of age.
Epigenetic programming by postnatal stress
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The early postnatal life is another sensitive period for stress programming effects. Numerous animal studies of impaired mother-infant interactions (such as maternal stress, separation or deprivation) during the early postnatal period have been shown to disrupt behaviours such as memory, learning, and anxiety-and depressive-like behaviors together with neuroendocrine dysregulation of the HPA axis (Murgatroyd & Bradburn 2016) . A study of early-life adversity through the use of maternal separation in mice led to a sustained increase in expression of hypothalamic Avp in the paraventricular nucleus (PVN) that underlined elevated corticosterone secretion, heightened endocrine responsiveness to subsequent stressors, and altered HPA axis feedback inhibition. Importantly, this altered expression associated with reduced levels of DNA methylation in the PVN at particular CpG dinucleotides within an enhancer region important for Avp gene activity (Murgatroyd et al. 2009 ). Mechanistic investigations revealed that hypomethylation at this region reduced the ability of MeCP2 to bind and recruit further epigenetic machinery such as HDACs and DNMTs, supporting previous evidence for a role of MeCP2 as an epigenetic platform upon which histone and DNA modifications are carried out to confer transcriptional repression.
Importantly, this hypomethylation was induced by neuronal depolarization triggering Ca2+-dependent phosphorylation of MeCP2 causing MeCP2 to dissociate from the Avp enhancer resulting in a loss of both its repressing activity and its organization of DNA methylation and histone marks (Murgatroyd & Spengler 2014) .
Human studies reveal compelling evidence that adversity during early childhood may cause a range of physical and mental problems in adulthood including depressive-related disorders and alterations in HPA axis activity (for review see (Murgatroyd & Spengler 2011b) ).
Importantly, a number of key studies demonstrate that the epigenetic programming seen in the early-life stress animal models may extrapolate to human studies. For example,
McGowan and colleagues (McGowan et al. 2008) found hypermethylation of NR3C1
promoter among suicide victims with a history of abuse in childhood, but not among controls or suicide victims who did not suffer such early life stress. These data appear consistent with the previously described study at the same homologous region of the rat Nr3c1 promoter (Weaver et al., 2004) . Numerous further studies support NR3C1 to be susceptible to alterations in DNA methylation, in response to early environmental stress (for review see (Smart et al. 2015) . Numerous studies have demonstrated that childhood trauma increases risk factor for developing depression in adulthood, particularly in response to additional stress (for review see (Heim & Binder 2012) ). The hypothesis is that neuroendocrine, particularly HPA activity, resultant from early-life stress could increase risk to develop depression in response to stress later in life. A study by Klengel et al. (Klengel et al. 2012) showed that an increased risk of developing adult stress-related psychiatric disorders associated with allele-specific, childhood trauma-dependent DNA demethylation at glucocorticoid response DNA elements of the FK506 binding protein 51 (FKBP5) gene, which encodes a co-chaperone which regulates GR sensitivity. The demethylation of FKBP5 related to an increased stressdependent gene transcription followed by a long-term dysregulation of the stress hormone system and a global effect on immune functions and brain areas linked to stress regulation.
Together this suggests that epigenetic processes in the brain could mediate the effects of the early environment on gene expression, and that stable epigenetic marks such as DNA methylation might then persist into adulthood to influence HPA axis activity.
Interactions of prenatal and postnatal stress
The foetal origins hypothesis of human disease that proposes that in utero environmental exposures lead to modifications in foetal development, which are adaptive where the subsequent postnatal environment is similar. Discontinuities between prenatal and postnatal environments create vulnerability. This effect is best exemplified in the associations of low foetal growth with diabetes and hypertension over several decades, that are thought to arise from foetal adaptations that confer advantage in food-scarce environments but create risk in western food-rich environments (Barker 1995; Bateson et al. 2004) . Low birth weight is also associated with adolescent depression in the presence of childhood adversities, consistent with the hypothesis (Costello et al. 2007) .
A study by Murgatroyd and colleagues found interactive effects of prenatal and postnatal maternal depression on NR3C1 1-F promoter methylation, in young children; specifically, infants of mothers with low prenatal depression were vulnerable to the effects of postnatal depression, at the level of DNA methylation -consistent with an interplay between prenatal and postnatal environments (Murgatroyd et al. 2015) . Further work would be important to address mechanisms, especially those genes impacted by prenatal stress that might confer resistance to later effects of postnatal stress.
Epigenetic programming by early-life care
Variations in parental investment in mammals commonly involve the quantity and quality of behavioral interactions between parent and offspring. Numerous studies highlight the importance of maternal influences on subsequent performance both in terms of physiological functions and behavior of the offspring (Babb et al. 2015) . Importantly, the nature of mother-offspring interaction influences gene expression and the development of behavioural responses in the offspring, which remain stable from early development to adulthood.
One seminal animal study investigated the epigenetic effects of early life environment on stress programming through variations in the quality of early postnatal maternal care, as measured by levels of licking and grooming. Rats who received high levels of maternal care during early life developed sustained elevations in Nr3c1 expression within the hippocampus and reduced HPA axis responses to stress. Meaney and colleagues further found an important role for epigenetic regulation revealing that the enhanced Nr3c1 expression associated with a persistent DNA hypomethylation at specific CpG dinucleotides within the hippocampal Nr3c1 exon 17 promoter and increased histone acetylation. The lower CpG methylation facilitated binding of the transcriptional activator nerve growth factor-inducible protein A (NGF1a) to this region (Weaver et al. 2004) .
Two recent studies have reported moderation of prenatal stress effects by early human tactile stimulation (assessed by how often mothers reported stroking their babies) over the first weeks of life on behavioural and physiological stress reactivity in infancy (Pickles et al. 2017; Sharp et al. 2014) demonstrating that the effect of maternal prenatal depression on infant reactivity would be modified by tactile. This was followed up by another study showing a reduction of NR3C1 gene methylation associated with maternal stroking on these children, supporting the role of epigenetic mechanisms linking early life stress with long-term effects of maternal care (Murgatroyd et al. 2015) .
Recent research is demonstrating that the rewarding sensation of touch in affiliative interactions could be underpinned by a specialized system of nerve fibers called C-Tactile afferents (CTs), which respond optimally to slowly moving, gentle touch, typical of a caress (Pawling et al. 2017; McGlone et al. 2014) . Interestingly, studies in rodent have shown that that tactile stimuli activate hypothalamic oxytocin neurons (Anon 2015) . This together with other recent research suggests C-tactile afferent stimulation may mediate oxytocin release during affiliative tactile interactions (Walker et al. 2017 ).
Transgenerational effects of stress
Numerous studies show that children of depressed parents are at risk for developing depressive disorders themselves and other internalizing and externalizing disorders (National Research Council (US) and Institute of Medicine (US) Committee on Depression et al. 2009; Lyons-Ruth et al. 1997) , whether this be through prenatal or postnatal exposure to maternal stress. However, whether these risks are transmitted beyond 2 generations is less well known with only few published 3-generation studies of major depression (Pettit et al. 2008; Olino et al. 2008) . One study of 800 depressed and never-depressed women together with information from their children (at 15yrs) and grandmothers detected an intergenerational transmission of depression, whereby the grandmother's depression affected the mother's depression and her own stressful life context, and maternal and grandmother depression affected youth depression. This was mediated by interpersonal stress processes, which in turn affected parenting and children's social functioning (Hammen et al. 2004) . A further recent study on 251 sets of grandchildren, parents and grandparents found those with 2 previous generations affected with major depression were at highest risk for major depression; though the study was too small to test for sex effects (Weissman et al. 2016 ).
Factors contributing to transgenerational transmission of depression have been difficult to identify: most studies based on clinical samples either represent unusually adverse contexts that are difficult to generalize and, for the most part, have not been large enough, with multiple collected environmental and biological variables, ideally longitudinally. A recent study by Murgatroyd and Nephew investigated the effects of chronic social stress during lactation in F0 mothers (Murgatroyd & Nephew 2013) across 3 generations and found that maternal care behavior in the F2 dams was more severely impaired than in the F0 and F1 dams and the expression of maternal anxiety is augmented in F2 dams. This occurred together with reduced basal cortisol (in contrast to an increase in F1 dams), a lack of changes in neuroendocrine gene expression, and reduced serum ICAM-1 (intercellular adhesion molecule-1) levels -a marker for inflammation and blood-brain barrier integrity (Nephew, Carini, Sallah, Alyamani, Bradburn and Murgatroyd, in submission) . The data support the hypothesis that the effects of chronic social stress can accumulate across three generations suggesting mechanisms underlying evolutionary adaption.
Blood epigenetic markers for early-life stress
Access to brain tissues is obviously limited in human subjects. As such, many studies on specific epigenetic pathways in developmental programming of adult physical and mental problems by early-life stressful conditions have been preformed on peripheral tissue samples. Studies using peripheral DNA, from blood or saliva of infants, adolescents or adults, have shown increased levels of NR3C1 methylation in response to perinatal stress (Oberlander et al. n.d.; KM et al. 2011; CJ et al. 2012; Murgatroyd et al. 2015) and abuse or neglect during childhood (Perroud et al. 2011; AR et al. 2012) . Most studies thus far reported on DNA methylation after enduring stress or traumatic events such as abuse or neglect (McGowan et al. 2009; Perroud et al. 2011; Perroud et al. 2013; AR et al. 2012 ).
Interestingly, many of these studies have looked at different regions and CpG residues of the NR3C1 1-F promoter regions, though several recent clinical studies examining leukocytes have reported elevated methylation of the homologous human NR3C1 1-F promoter (homologous to the rat 1-7 promoter) at a specific CpG associated with prenatal maternal depression (Oberlander et al. n.d.; Conradt et al. 2013; Hompes et al. 2013 ) and childhood stress (AR et al. 2012; PA et al. 2013 ). This suggests perhaps, different CpG residues might be sensitive to specific environmental stressors across this region (Smart et al. 2015) .
This raises the question of whether epigenetic changes in blood provide a clinically valuable surrogate to what is happening in the brain. Initial studies in rhesus macaques by Provencal et al., (Provencal et al. 2012) examining DNA methylation in the prefrontal cortex and peripheral T cells in parallel in response to differential rearing did reveal differences in common between both tissues. Though results as a whole tended to suggest the T cells were not a direct surrogate markers of the brain tissue, but probably reflected the response of the immune system to early life stress. However, the idea that the epigenomic response to early life stress is not limited to the brain and could be studied in peripheral lymphocytes is a major area of study.
Perspectives
There is increasing evidence that exposure to stressful events during prenatal and postnatal periods associates with long-lasting mental health problems. While molecular basis for such long-term effects may not be entirely unclear, much evidence supports a role for the involvement of epigenetic regulation. The idea is that epigenetic tuning in response to early life environment may prepare genes for responses to future environment, i.e. enabling the organism to adapt to changing environmental conditions. These adaptive processes can, however, enhance the risk of pathology in the later life especially if thee is mismatch between early and later life nevironments. Thereby, epigenetic research promises to improve the understanding of the genes and pathways by which organisms show widely diverse responses to stressful events in early life. Several specific genes linked to GR regulation such as NR3C1 are proving to be important markers.
With the advent of new high-throughput sequencing technologies, research is now scaling up to epigenome-wide analyses of all epigenetic marks throughout a genome in a specific tissue. Given that epigenetic modifications are sensitive to changes in the environment, it might be anticipated that these efforts will identify epigenomic signatures for mental disorders and molecular dysregulations resulting from early life stress (Albert, 2010) . Whilst such a strategy appears highly attractive in the field of cancer research addressing clonally expanded cell populations, rather than heterogeneous tissues, the field of epigenetic association studies in neuroendocrine disorders and psychiatry might be more challenging.
Epigenetic modifications reported to date in animal models and postmortem brain tissues are seldom "all or none" but gradual, and seem to occur in a highly cell-type-specific manner. In this view, the extraordinary complexity and heterogeneity of neural tissues poses a major hurdle to derive epigenetic biomarkers in psychiatric disease.
 Taken together we have covered the importance of epigenetic processes in programming long-term neuroendrocrine regulation in response to the prenatal and postnatal environment. Adversity during these early periods is able to shape this towards dysregulation of the HPA axis.  Overall, findings from these investigations form the hypothesis that early adversityinduced changes in the levels of methylation of the GR gene may disturb neuroendocrine systems, resulting in altered cortisol production, and leading, in turn, to the development of various pathological conditions in adult life.
In sum, understanding how early life experiences can give rise to lasting epigenetic memories conferring increased risk for mental disorders is emerging at the epicenter of modern psychiatry. Whether suitable social or pharmacological interventions could reverse deleterious epigenetic programming triggered by adverse conditions during early life, should receive highest priority on future research agendas. Progress in this field will further garner public interest, a general understanding and appreciation of the consequences of childhood abuse and neglect for victims in later life. 
